Introduction {#pbi12709-sec-0001}
============

Transgenic crops producing *Bacillus thuringiensis* (Bt) toxins are used widely for insect control, with more than 84 million hectares of Bt cotton, corn and soybean planted globally in 2015 (James, [2016](#pbi12709-bib-0025){ref-type="ref"}). These Bt crops can suppress pests, reduce insecticide use and increase farmer profits (Hutchison *et al*., [2010](#pbi12709-bib-0023){ref-type="ref"}; Lu *et al*., [2012](#pbi12709-bib-0033){ref-type="ref"}; NASEM, [2016](#pbi12709-bib-0036){ref-type="ref"}; Tabashnik *et al*., [2010](#pbi12709-bib-0042){ref-type="ref"}; Wu *et al*., [2008a](#pbi12709-bib-0052){ref-type="ref"}). Because some pests have rapidly evolved resistance to transgenic crops that make only one Bt toxin, farmers have been switching to Bt crop 'pyramids' producing two or more toxins that kill the same pest (Carrière *et al*., [2015](#pbi12709-bib-0010){ref-type="ref"}; Farias *et al*., [2014](#pbi12709-bib-0013){ref-type="ref"}; Gassmann *et al*., [2014](#pbi12709-bib-0017){ref-type="ref"}; Jakka *et al*., [2016](#pbi12709-bib-0024){ref-type="ref"}; Tabashnik *et al*., [2013](#pbi12709-bib-0044){ref-type="ref"}; Wu, [2014](#pbi12709-bib-0050){ref-type="ref"}; Zhang *et al*., [2012](#pbi12709-bib-0060){ref-type="ref"}; Zukoff *et al*., [2016](#pbi12709-bib-0061){ref-type="ref"}). However, the efficacy and durability of such pyramids are reduced by cross‐resistance and antagonism between Bt toxins (Carrière *et al*., [2015](#pbi12709-bib-0010){ref-type="ref"}, [2016](#pbi12709-bib-0011){ref-type="ref"}), so alternative management tactics are urgently needed (Tabashnik, [2016](#pbi12709-bib-0041){ref-type="ref"}).

Either as an alternative or a complement to Bt toxins, RNA interference (RNAi) has great promise for insect pest control (Asokan *et al*., [2014](#pbi12709-bib-0002){ref-type="ref"}; Baum and Roberts, [2014](#pbi12709-bib-0003){ref-type="ref"}; Baum *et al*., [2007](#pbi12709-bib-0004){ref-type="ref"}; Fishilevich *et al*., [2016](#pbi12709-bib-0014){ref-type="ref"}; Fu *et al*., [2016](#pbi12709-bib-0015){ref-type="ref"}; Kim *et al*., [2015](#pbi12709-bib-0028){ref-type="ref"}; Levine *et al*., [2015](#pbi12709-bib-0029){ref-type="ref"}; Lim *et al*., [2016](#pbi12709-bib-0030){ref-type="ref"}; Mao *et al*., [2007](#pbi12709-bib-0034){ref-type="ref"}; Tian *et al*., [2015](#pbi12709-bib-0046){ref-type="ref"}; Yu *et al*., [2016](#pbi12709-bib-0057){ref-type="ref"}). With RNAi, small double‐stranded RNA (dsRNA) causes sequence‐specific suppression of target gene expression. To achieve safe and effective pest control with RNAi, the goal is to reduce expression of genes encoding proteins that are essential to pests, but not to other organisms. For example, potential targets for RNAi include genes encoding proteins that synthesize or transport juvenile hormones (JHs) (Asokan *et al*., [2014](#pbi12709-bib-0002){ref-type="ref"}; Fu *et al*., [2016](#pbi12709-bib-0015){ref-type="ref"}; Tian *et al*., [2015](#pbi12709-bib-0046){ref-type="ref"}), which are critical for insect development, yet absent from most other organisms (Belles *et al*., [2005](#pbi12709-bib-0006){ref-type="ref"}). Although corn protected against some beetles by a pyramid of Bt toxins and RNAi is under development (Baum and Roberts, [2014](#pbi12709-bib-0003){ref-type="ref"}; Fishilevich *et al*., [2016](#pbi12709-bib-0014){ref-type="ref"}; Levine *et al*., [2015](#pbi12709-bib-0029){ref-type="ref"}), previous papers have not reported the efficacy of Bt plus RNAi pyramids against Bt‐resistant or susceptible strains of target pests. Also, despite recognition of the threat of field‐evolved pest resistance to RNAi (Baum and Roberts, [2014](#pbi12709-bib-0003){ref-type="ref"}; Fishilevich *et al*., [2016](#pbi12709-bib-0014){ref-type="ref"}), previous work has not used computer modelling to systematically assess this risk.

Here we created transgenic cotton pyramids that combine protection from Bt and RNAi against *Helicoverpa armigera*, one of the world\'s most destructive pests of cotton and many other crops (Tay *et al*., [2013](#pbi12709-bib-0045){ref-type="ref"}). We focused on suppression of JH acid methyltransferase (JHAMT), which is crucial for a final step of JH synthesis (Minakuchi *et al*., [2008](#pbi12709-bib-0035){ref-type="ref"}; Shinoda and Itoyama, [2003](#pbi12709-bib-0039){ref-type="ref"}), and JH‐binding protein (JHBP), which transports JH from the haemolymph to the cells of target organs (Pietrzyk *et al*., [2013](#pbi12709-bib-0037){ref-type="ref"}; Suzuki *et al*., [2011](#pbi12709-bib-0040){ref-type="ref"}). In previous work with *H. armigera*, dsRNA aimed at JHAMT greatly reduced pupation (Asokan *et al*., [2014](#pbi12709-bib-0002){ref-type="ref"}). Here we tested larvae from a Bt‐resistant strain (SCD‐r1) and a related susceptible strain (SCD) of *H. armigera* in 2015 and 2016 on seven types of cotton plants: two controls, Bt cotton, two types of RNAi cotton (targeting JHAMT or JHBP) and two pyramids (Bt cotton plus each type of RNAi). In all plants in this study, the Bt toxin gene was derived from cotton variety GK19, which has been used widely in China and produces a Cry1Ac/Cry1Ab chimeric protein that is 98.5% identical to Cry1Ac (Guo *et al*., [1995](#pbi12709-bib-0020){ref-type="ref"}; Tabashnik *et al*., [2012](#pbi12709-bib-0043){ref-type="ref"}; Wan *et al*., [2005](#pbi12709-bib-0048){ref-type="ref"}; Zhang *et al*., [1998](#pbi12709-bib-0058){ref-type="ref"}). Computer modelling incorporating the data from bioassays shows that the pyramids can substantially delay evolution of resistance, especially under conditions simulating northern China, where large refuges of non‐transgenic host plants are available (Jin *et al*., [2015](#pbi12709-bib-0026){ref-type="ref"}).

Results {#pbi12709-sec-0002}
=======

Genes encoding JHAMT and JHBP proteins in *H. armigera* {#pbi12709-sec-0003}
-------------------------------------------------------

We amplified and cloned from third instar larvae of *H. armigera* the genes predicted to encode JHAMT (*HaJHAMT*) and JHBP (*HaJHBP*) **(**GenBank accession nos. KX289532 and KX289533, respectively, Figures [S1--S4](#pbi12709-sup-0001){ref-type="supplementary-material"}). The *HaJHAMT* cDNA encodes a predicted protein (HaJHAMT) of 284 amino acids that contains conserved S‐adenosyl‐L‐methionine (SAM)‐binding motif I (Kagan and Clarke, [1994](#pbi12709-bib-0027){ref-type="ref"}) (Figures [S1](#pbi12709-sup-0001){ref-type="supplementary-material"} and [S2](#pbi12709-sup-0001){ref-type="supplementary-material"}) and has identity of 98% to HaJHAMT predicted from a Japanese strain (AB127945) and 100% identity to a partial sequence (259 amino acids) of HaJHAMT predicted from an Indian strain (GU323798). The *HaJHBP* cDNA encodes a predicted protein (HaJHBP) of 242 amino acids that contains conserved elements involved in JH recognition and binding (Wojtasek and Prestwich, [1995](#pbi12709-bib-0049){ref-type="ref"}) (Figures [S3](#pbi12709-sup-0001){ref-type="supplementary-material"} and [S4](#pbi12709-sup-0001){ref-type="supplementary-material"}) and has 98% identity to HaJHBP predicted from independent sequencing in a different laboratory in China (KT443972). Transcription of *HaJHAMT* and *HaJHBP* in *H. armigera* larvae peaked in fourth instars, in which it occurred primarily in the head for *HaJHAMT* and in the fat body for *HaJHBP* (Figures [S5](#pbi12709-sup-0001){ref-type="supplementary-material"} and [S6](#pbi12709-sup-0001){ref-type="supplementary-material"}).

Efficacy of JH dsRNAs in artificial diet against *H. armigera* larvae {#pbi12709-sec-0004}
---------------------------------------------------------------------

We targeted two *H. armigera* DNA sequences: JHA (408 bp) and JHB (400 bp), which code for portions of HaJHAMT and HaJHBP, respectively (Figures [1](#pbi12709-fig-0001){ref-type="fig"}a and [S1--S4](#pbi12709-sup-0001){ref-type="supplementary-material"}). Excluding moths in the same family as *H. armigera* such as *Spodoptera litura*, these two sequences lack 21 bp exact matches to homologous genes in several other insect species including the silkworm, *Bombyx mori* (Figures [S1 and S3](#pbi12709-sup-0001){ref-type="supplementary-material"}). In artificial diet bioassays with *H. armigera* larvae, treatment with dsRNA from JHA or JHB significantly increased mortality and decreased weight relative to a control treatment with dsRNA from green fluorescent protein (GFP) (Figure [S7](#pbi12709-sup-0001){ref-type="supplementary-material"}).

![Fragments of *H. armigera* genes and vectors used to transform cotton for RNAi affecting juvenile hormone (JH). (a) Gene fragments JHA from *HaJHAMT* and JHB from *HaJHBP* (see Figures [S1--S4](#pbi12709-sup-0001){ref-type="supplementary-material"} for sequences). (b) Vectors used for *Agrobacterium*‐mediated transformation of cotton. We modified plasmid pCAMBIA2300 so dsRNA expression was controlled by promoter PRP from cotton leaf curl virus upstream from fragment JHA, JHB or GFP (negative control) in the sense orientation, an intron from the potato GA20‐oxidase gene, the same fragment in the antisense orientation and a nopaline synthase (NOS) terminator (see [Experimental Procedures](#pbi12709-sec-0011){ref-type="sec"}).](PBI-15-1204-g001){#pbi12709-fig-0001}

Transgenic cotton producing dsRNA to disrupt JH synthesis and transport {#pbi12709-sec-0005}
-----------------------------------------------------------------------

We constructed vectors expressing dsRNA from JHA, JHB or green fluorescent protein (GFP) (Figure [1](#pbi12709-fig-0001){ref-type="fig"}b) and used *Agrobacterium*‐mediated transformation (Figure [S8](#pbi12709-sup-0001){ref-type="supplementary-material"}) with a binary vector system to generate pure lines of transgenic cotton with a single insert of JHA, JHB or GFP, referred to hereafter as JHA, JHB or GFP cotton, respectively.

The initial transformation of kanamycin‐resistant plants was verified by PCR detection of the transgenic dsRNA expression cassette (Figure [S9](#pbi12709-sup-0001){ref-type="supplementary-material"}). The positive lines were selfed to generate homozygous second‐generation (T2) progeny. We used Southern analysis to detect lines in which the third‐generation (T3) progeny contained a single copy of the transgene insertion (Figures [S10 and S11](#pbi12709-sup-0001){ref-type="supplementary-material"}). These lines were used in subsequent experiments. The three transgenic cotton lines created here (JHA, JHB and GFP cotton) were made by introducing transgenes into the same conventional variety of cotton (W0) and thus share a common genetic background. As expected, feeding by susceptible (SCD) larvae of *H. armigera* on leaves of JHA and JHB cotton suppressed transcription of *HaJHAMT* and *HaJHBP*, respectively, and reduced JH concentration (Figure [2](#pbi12709-fig-0002){ref-type="fig"}).

![Effects on transcription and JH concentration of feeding by susceptible (SCD) larvae of *H. armigera* on leaves from four types of cotton plants: non‐transgenic parent (W0), transgenic control (GFP), transgenic cotton producing dsRNA from *HaJHAMT* (JHA) or *HaJHBP* (JHB). (a) Transcription of *HaJHAMT* relative to actin. (b) Transcription of *HaJHBP* relative to actin. Larvae were not fed JHB cotton in (a) or JHA cotton in (b). Relative transcription was significantly lower for either JHA or JHB cotton than for W0 or GFP (*P* = 0.001 in each case, Tukey\'s HSD). (c) JH concentration was significantly lower for JHA and JHB than either W0 or GFP (*P* \< 0.05 in each case, Tukey\'s HSD). No significant difference occurred between W0 and GFP in relative transcription or JH concentration (*P* \> 0.5 in each case, Tukey\'s HSD). Bars show means and SE with an average of 4.6 replicates per bar.](PBI-15-1204-g002){#pbi12709-fig-0002}

Transgenic cotton pyramids: Bt + RNAi {#pbi12709-sec-0006}
-------------------------------------

To generate pyramided cotton protected by a Bt toxin and RNAi, we crossed Bt cotton variety GK19 with either JHA or JHB cotton. The first‐generation (F1) offspring from these crosses were heterozygous for both traits, and these pyramided plants were used for bioassays in 2015 (see below). To generate cotton plants homozygous for both traits, we crossed the F1 plants by self‐pollination to produce F2 offspring. We used real‐time PCR to determine which F2 plants had the same copy number of both the Bt gene and either JHA or JHB as the pure, parental transgenic lines for each trait. As expected, approximately 6% (1/16) of the F2 offspring met this criterion. We used the homozygous pyramided plants for bioassays in 2016 (see below).

Efficacy of Bt cotton, RNAi cotton and Bt + RNAi cotton against resistant and susceptible *H. armigera* {#pbi12709-sec-0007}
-------------------------------------------------------------------------------------------------------

Results from bioassays with cotton leaves in 2015 and 2016 confirm that the Cry1Ac‐resistant strain (SCD‐r1) was highly resistant to Bt cotton (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}). For SCD‐r1, mortality (%) and development time (days to pupation) did not differ significantly between Bt cotton and either the conventional cotton (W0) or the transgenic control cotton (GFP) (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}). In contrast, for the susceptible strain SCD, mortality and development time were significantly greater on Bt cotton than on both of the control cottons (W0 and GFP) (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}). We calculated the efficacy (%) of transgenic cotton as 100% minus the survival (%) on transgenic cotton divided by the survival (%) on non‐transgenic cotton (W0). The efficacy of Bt cotton was 77.4%--79.4% against SCD and only 1.6%--3.9% against SCD‐r1 (Figure [3](#pbi12709-fig-0003){ref-type="fig"}).

![Mortality of susceptible (SCD) and resistant (SCD‐r1) larvae of *H. armigera* fed leaves from seven types of cotton plants: non‐transgenic parent (W0), transgenic control (GFP), *B. thuringiensis* (Bt), RNAi (JHA and JHB) and pyramids (Bt + JHA and Bt + JHB). (a) 2015. (b) 2016. Each bar shows the mean and SE for mortality (%) based on three replicates of 50 larvae per replicate (*n* = 150 per bar, total *n* = 3900). For a given type of cotton and year, asterisks indicate a significant difference between insect strains (*t*‐tests, \*\*\*: *P* \< 0.001, \*\*: *P* = 0.01, no asterisks: NS, *P* \> 0.20). For a given insect strain and year, different letters indicate significant differences between types of cotton; upper case for SCD and lower case for SCD‐r1 (Tukey\'s HSD, *P* \< 0.05). SCD was not tested on pyramids in 2015.](PBI-15-1204-g003){#pbi12709-fig-0003}

![Development time for susceptible (SCD) and resistant (SCD‐r1) larvae of *H. armigera* fed leaves from seven types of cotton plants: non‐transgenic parent (W0), transgenic control (GFP), *B. thuringiensis* (Bt), RNAi (JHA and JHB) and pyramids (Bt + JHA and Bt + JHB). (a) 2015. (b) 2016. Each bar shows the mean and SE for days from neonate to pupa based on three replicates (mean sample size per bar = 72 pupae, total *n *= 1884 pupae). For a given type of cotton and year, asterisks indicate a significant difference between insect strains (*t*‐tests, \*\*\*: *P* \< 0.001, \*\*: *P* = 0.0012). For a given insect strain and year, different letters indicate significant differences between types of cotton; upper case for SCD and lower case for SCD‐r1 (Tukey\'s HSD, *P* \< 0.05). SCD was not tested on pyramids in 2015.](PBI-15-1204-g004){#pbi12709-fig-0004}

Despite its strong resistance to Bt cotton, SCD‐r1 had no cross‐resistance to either JHA or JHB cotton (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}). On JHA and JHB cotton, mortality did not differ significantly between SCD‐r1 and SCD (Figure [3](#pbi12709-fig-0003){ref-type="fig"}) and development time was significantly greater for SCD‐r1 than SCD (Figure [4](#pbi12709-fig-0004){ref-type="fig"}). For each type of RNAi cotton, efficacy was similar against SCD and SCD‐r1 (Figure [3](#pbi12709-fig-0003){ref-type="fig"}). The efficacy of JHA cotton was 57.0%--63.5% against SCD and 58.4%--58.5% against SCD‐r1 (Figure [3](#pbi12709-fig-0003){ref-type="fig"}). The efficacy of JHB cotton was 67.5%--69.5% against SCD and 66.2%--68.8% against SCD‐r1 (Figure [3](#pbi12709-fig-0003){ref-type="fig"}).

For SCD‐r1, mortality and development time did not differ significantly between the pyramids of Bt + RNAi cotton and each of the corresponding RNAi cottons without Bt toxin (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}). Consistent with the results summarized above, these data indicate that the Bt toxin in the pyramids did not affect the mortality or development time of SCD‐r1.

By contrast, against SCD, both pyramids were more effective than the RNAi cottons (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}). For SCD, mortality was significantly greater on the pyramids (92.0% for Bt + JHA and 92.7% for Bt + JHB) than on the RNAi cottons (69.3% for JHA and 72.7% for JHB) (Figure [3](#pbi12709-fig-0003){ref-type="fig"}). Likewise, development time (days to pupation) for SCD was significantly greater on the pyramids (23.2 for Bt + JHA and 23.1 for Bt + JHB) than on the RNAi cottons (21.8 for both JHA and JHB) (Figure [3](#pbi12709-fig-0003){ref-type="fig"}). The efficacy of Bt + JHA cotton was 90.5% against SCD and 59.3%--69.2% against SCD‐r1 (Figure [4](#pbi12709-fig-0004){ref-type="fig"}). The efficacy of Bt + JHB cotton was 91.3% against SCD and 69.2%--70.4% against SCD‐r1 (Figure [4](#pbi12709-fig-0004){ref-type="fig"}).

To determine whether the Bt toxin and RNAi in the pyramids act independently against SCD, we calculated the index of multiplicative survival (IMS), which is the observed survival on a two‐trait pyramid (i.e. Bt + RNAi) divided by the survival expected on the pyramid based on multiplying the survival on each type of the single‐trait plants (Carrière *et al*., [2015](#pbi12709-bib-0010){ref-type="ref"}). An IMS value of 1 indicates independent action of the two traits in the pyramid (Carrière *et al*., [2015](#pbi12709-bib-0010){ref-type="ref"}). The mean IMS value was 1.3 for Bt + JHA (SE = 0.18) and 1.3 for Bt + JHB (SE = 0.43), which does not differ significantly from 1 (one‐sample *t*‐test for pooled data, *t* = 1.36, *df* = 5, *P* = 0.23). Thus, the results show that the Bt toxin and RNAi in the pyramids acted independently against SCD.

The results were qualitatively similar between 2015 (field‐grown cotton) and 2016 (greenhouse‐grown cotton) (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}). Moreover, two‐way ANOVA for the two pyramids against SCD‐r1 showed no significant difference between years in either mortality or development time (Table [S2](#pbi12709-sup-0001){ref-type="supplementary-material"}), which implies dominant expression of both traits. Whereas mortality was significantly higher for Bt + JHB than Bt + JHA (*P* = 0.0054), development time did not differ significantly between the two pyramids and the interaction between year and type of pyramid was not significant (Table [S2](#pbi12709-sup-0001){ref-type="supplementary-material"}).

Fitness cost of resistance to Bt cotton {#pbi12709-sec-0008}
---------------------------------------

To test for fitness costs associated with resistance to Bt cotton, we compared the performance between SCD‐r1 and SCD on both types of control cotton plants (W0 and GFP). Mortality did not differ between SCD and SCD‐r1 on either of the two types of control cotton, indicating no fitness cost affecting this trait (Figure [3](#pbi12709-fig-0003){ref-type="fig"}). By contrast, the significantly slower development for SCD‐r1 than SCD on both types of control cotton indicates a fitness cost affecting this trait (Figure [4](#pbi12709-fig-0004){ref-type="fig"}). The mean percentage increase in development time for SCD‐r1 relative to SCD was 16% on W0 cotton and 15% on GFP cotton (Figure [4](#pbi12709-fig-0004){ref-type="fig"}).

Predicted evolution of resistance to Bt cotton, RNAi cotton and Bt + RNAi cotton {#pbi12709-sec-0009}
--------------------------------------------------------------------------------

We conducted computer simulations of evolution of resistance by *H. armigera* to Bt cotton alone, a sequence of Bt cotton followed by RNAi cotton and a pyramid of Bt + RNAi cotton. We used a deterministic population genetic model where resistance to each type of cotton was controlled by an independently segregating locus with two alleles (Brévault *et al*., [2013](#pbi12709-bib-0007){ref-type="ref"}). We based key parameters in the model on data available for *H. armigera* in northern China either reported here or previously (Tables [S3--S5](#pbi12709-sup-0001){ref-type="supplementary-material"}). We simulated a realistic scenario with no fitness cost and intermediate dominance of resistance for both Bt cotton and RNAi cotton (*h* = 0.5; *h* ranges from 0 for completely recessive resistance to 1 for completely dominant resistance, Liu and Tabashnik, [1997](#pbi12709-bib-0031){ref-type="ref"}) (Figure [5](#pbi12709-fig-0005){ref-type="fig"}a), and an optimistic scenario with a minor, additive fitness cost associated with resistance, *h* = 0.5 for Bt cotton, and *h* = 0.2 for RNAi cotton (Figure [5](#pbi12709-fig-0005){ref-type="fig"}b). We set the initial resistance allele frequency for resistance to Bt cotton at 0.05 based on 2013 bioassay data for *H. armigera* in northern China, which reflects extensive exposure to Bt cotton and a significant increase in resistance over time (Jin *et al*., [2015](#pbi12709-bib-0026){ref-type="ref"}). We used 0.001 as the value for the initial resistance allele frequency for resistance to RNAi cotton in the realistic and optimistic scenarios, because this is a standard estimate for populations that have not been exposed previously to a particular toxin or control method (Carrière *et al*., [2010](#pbi12709-bib-0009){ref-type="ref"}). We also evaluated a pessimistic scenario (Figure [5](#pbi12709-fig-0005){ref-type="fig"}c), which was identical to the realistic scenario (Figure [5](#pbi12709-fig-0005){ref-type="fig"}a), except the initial resistance allele frequency was 0.01 for resistance to RNAi cotton. We recorded the time to resistance as the number of years until the population fitness on transgenic cotton exceeded 0.50. We focused on a 50% refuge of non‐transgenic host plants, which is slightly less than the previously estimated 56% effective refuge percentage in northern China, including non‐cotton host plants (Jin *et al*., [2015](#pbi12709-bib-0026){ref-type="ref"}). We also evaluated refuges of 5%, 10% and 25% because smaller refuges are important elsewhere (e.g. in the United States) and might be considered for China in the future.

![Computer simulations of the evolution of resistance by *H. armigera* to Bt cotton alone, a sequence of Bt cotton followed by RNAi cotton and a pyramid of Bt + RNAi cotton. We used a deterministic model with two alleles (*r* conferring resistance and *s* susceptibility) at each of two independently segregating loci. Locus one controlled survival on Bt cotton and locus two controlled survival on RNAi cotton. The initial resistance allele frequency was 0.05 for Bt cotton and 0.001 for RNAi cotton. The time to resistance is the number of years until the population fitness on transgenic cotton exceeded 0.50. The time to resistance for the sequence is the sum of the time for resistance to Bt cotton and RNAi cotton. (a) Realistic scenario: dominance of resistance (*h*) = 0.5 for Bt cotton and RNAi cotton and no fitness cost. (b) Optimistic scenario: dominance of resistance (*h*) = 0.5 for Bt cotton and 0.2 for RNAi cotton and minor, additive fitness cost. Each *r* allele reduced fitness on non‐transgenic host plants by 0.05; fitness of doubly resistant homozygotes (*r* ~1~ *r* ~1~ *r* ~2~ *r* ~2~) on non‐transgenic host plants = 0.80. (c) Pessimistic scenario: identical to (a) except initial resistance allele frequency for resistance to RNAi = 0.01.](PBI-15-1204-g005){#pbi12709-fig-0005}

The simulation results (Figure [5](#pbi12709-fig-0005){ref-type="fig"}) show that in all cases, increasing the refuge percentage slowed the evolution of resistance, as expected. However, resistance to Bt cotton alone occurred in less than 4 years under all conditions examined. Adding RNAi cotton delayed resistance whether it was used in a sequence (after resistance evolved to Bt cotton) or simultaneously with Bt cotton in a pyramid. The delay caused by RNAi cotton increased as refuge percentage increased, and it was greater when resistance to RNAi cotton was less dominant (compare Figure [5](#pbi12709-fig-0005){ref-type="fig"}a and b).

With a 50% refuge, relative to Bt cotton alone, adding RNAi cotton in a sequence increased the time to resistance by 9 and 28 years in the realistic and optimistic scenarios, respectively. With a 50% refuge, relative to Bt cotton alone, using RNAi cotton in a pyramid increased the time to resistance by 14 and 75 years in the realistic and optimistic scenarios, respectively. Thus, with a 50% refuge, the pyramid was markedly more durable than the sequence of Bt cotton followed by RNAi cotton. By contrast, with a 5%, 10% or 25% refuge, the pyramid provided little or no advantage relative to the sequence. The years to resistance for the pyramid minus the years to resistance for the sequence with refuges of 5%, 10% and 25% were, respectively, −0.3, −0.3 and 1 in the realistic scenario and −0.3, 0.3 and 4 in the optimistic scenario. The fractional negative values indicate resistance evolved slightly faster to the pyramid than the sequence.

The results under the pessimistic scenario (Figure [5](#pbi12709-fig-0005){ref-type="fig"}c) and realistic scenario (Figure [5](#pbi12709-fig-0005){ref-type="fig"}a) are qualitatively similar. However, compared with the realistic scenario, the time to resistance for the sequence and pyramid was shorter by 3 and 4 years, respectively (Figure [5](#pbi12709-fig-0005){ref-type="fig"}c), because of the higher initial frequency of resistance to RNAi cotton under the pessimistic scenario. With a 50% refuge in the pessimistic scenario, relative to Bt cotton alone, the time to resistance increased by 5 years when RNAi was used in a sequence and by 10 years when RNAi was used in a pyramid (Figure [5](#pbi12709-fig-0005){ref-type="fig"}c).

Discussion {#pbi12709-sec-0010}
==========

As far as we know, this study is the first to report the efficacy of transgenic plant pyramids combining a Bt toxin and RNAi against Bt‐resistant and susceptible strains of a target insect pest. The results show no cross‐resistance to RNAi suppression of enzymes involved in JH synthesis and transport in the SCD‐r1 strain of *H. armigera*, which had greater than 400‐fold resistance to Cry1Ac (Yang *et al*., [2009](#pbi12709-bib-0056){ref-type="ref"}; Zhang *et al*., [2012](#pbi12709-bib-0060){ref-type="ref"}) and suffered no increase in mortality or development time on Bt cotton relative to non‐Bt cotton (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}). Both JHA and JHB cotton were as effective against the resistant strain as its susceptible parent strain SCD (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}).

Results of cotton leaf bioassays comparing the effects of Bt cotton, RNAi cotton and Bt + RNAi cotton pyramids revealed that Bt cotton and RNAi act independently against the susceptible SCD strain of *H. armigera*. The mortality of susceptible *H. armigera* caused by feeding on dsRNA from *HaJAHMT* was similar in this study with JHA cotton (63%--69%, Figure [3](#pbi12709-fig-0003){ref-type="fig"}) to previous results (60%) with artificial diet (Asokan *et al*., [2014](#pbi12709-bib-0002){ref-type="ref"}). Also similar to results from artificial diet experiments (Asokan *et al*., [2014](#pbi12709-bib-0002){ref-type="ref"}), JHA and JHB cotton interfered with pupation, resulting in malformed pupae that did not yield healthy adults. Because we analysed development time based on the days from hatching to pupation for healthy pupae, the malformed pupae that developed prematurely did not shorten the mean development time for larvae fed on RNAi cotton or Bt + RNAi cotton (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}).

In related work, artificial diet bioassays with a susceptible strain of the southern corn rootworm, *Diabrotica undecimpunctata howardi*, showed independent action of Bt toxin Cry3Bb and RNAi suppression of a vacuolar‐sorting protein (Levine *et al*., [2015](#pbi12709-bib-0029){ref-type="ref"}). The observed lack of cross‐resistance and independent action of Bt toxins and RNAi are consistent with their different modes of action (Fishilevich *et al*., [2016](#pbi12709-bib-0014){ref-type="ref"}). By contrast, cross‐resistance and antagonism are common between the Bt toxins used in pyramids, particularly those with similar amino acid sequences in domains II and III, respectively (Carrière *et al*., [2015](#pbi12709-bib-0010){ref-type="ref"}, [2016](#pbi12709-bib-0011){ref-type="ref"}).

In cotton leaf bioassays, the Bt + RNAi pyramids had 90%--91% efficacy against a susceptible strain of *H. armigera* (Figure [3](#pbi12709-fig-0003){ref-type="fig"}). These data may underestimate the efficacy of the pyramids because larvae were transferred to untreated artificial diet after feeding on cotton leaves for 10 days. In addition, these efficacy values do not reflect the significantly greater development time on pyramids relative to conventional cotton (5 additional days from neonate to pupa; Figure [4](#pbi12709-fig-0004){ref-type="fig"}), which could increase mortality caused by natural enemies and abiotic factors in the field. To address these and other potential differences between the laboratory and field, it will be important to test the efficacy of the pyramids in the field. Although the available data indicate the specificity and safety of some other applications of RNAi (Levine *et al*., [2015](#pbi12709-bib-0029){ref-type="ref"}), it will be necessary to test the transgenic cottons described here to determine their effects on non‐target organisms.

The modelling results here imply that pyramids of Bt + RNAi cotton can be much more durable against *H. armigera* than sequences of Bt cotton followed by RNAi cotton if large refuges are present, such as the ca. 50% natural refuges of non‐cotton host plants in northern China (Jin *et al*., [2015](#pbi12709-bib-0026){ref-type="ref"}) (Figure [5](#pbi12709-fig-0005){ref-type="fig"}). In simulations with 5%--25% refuges, resistance evolved rapidly to RNAi cotton used either in sequences or in pyramids with Bt cotton (Figure [5](#pbi12709-fig-0005){ref-type="fig"}). This reflects the bioassay data demonstrating that neither Bt cotton nor RNAi cotton kill at least 97.5% of susceptible larvae (Figure [3](#pbi12709-fig-0003){ref-type="fig"}), which is required for optimal durability of pyramids (Carrière *et al*., [2015](#pbi12709-bib-0010){ref-type="ref"}; Roush, [1998](#pbi12709-bib-0038){ref-type="ref"}). Because resistance to RNAi has not been reported yet in the laboratory or field, the assumptions in the simulations about the genetic basis of resistance to RNAi and associated fitness costs remain to be tested. Thus, the absolute number of years for evolution of resistance to RNAi cotton cannot be predicted rigorously. Nonetheless, the relative rates of evolution of resistance projected for Bt cotton alone, sequences of Bt cotton followed by RNAi cotton and pyramids of Bt + RNAi cotton were similar across the broad range of assumptions incorporated in the three scenarios examined (Figure [5](#pbi12709-fig-0005){ref-type="fig"}), which suggests these qualitative trends are robust.

We conclude that under some conditions, combining Bt and RNAi in transgenic plant pyramids has great promise for increasing the sustainability of protection against pests. Because of the large refuges of non‐Bt host plants other than cotton in northern China (Jin *et al*., [2015](#pbi12709-bib-0026){ref-type="ref"}), the pyramids evaluated here could provide substantial benefits to millions of small‐scale farmers in that region. In principle, other pyramids combining RNAi and Bt toxins to which pests are highly susceptible could foster durable pest control, even with smaller refuges.

Experimental procedures {#pbi12709-sec-0011}
=======================

Insect strains {#pbi12709-sec-0012}
--------------

We studied three strains of *H. armigera*: a Cry1Ac‐resistant strain (SCD‐r1), its parent susceptible strain (SCD) and an unrelated susceptible strain (96S). 96S was started with adults collected from Henan Province, China in 1996 (Zhang *et al*., [2009](#pbi12709-bib-0059){ref-type="ref"}). SCD was started with insects from Côte d\'Ivoire (Ivory Coast) \>30 years ago (Yang *et al*., [2009](#pbi12709-bib-0056){ref-type="ref"}). Both susceptible strains had been reared in the laboratory on artificial diet without exposure to Bt toxins or insecticides since they were established (Yang *et al*., [2009](#pbi12709-bib-0056){ref-type="ref"}; Zhang *et al*., [2009](#pbi12709-bib-0059){ref-type="ref"}). SCD‐r1 was generated by introgression of the *r1* cadherin resistance allele from the Cry1Ac‐resistant strain GYBT into SCD (Yang *et al*., [2009](#pbi12709-bib-0056){ref-type="ref"}). In diet bioassays, the concentration of Cry1Ac killing 50% of larvae (LC~50~) was \>400 times higher for SCD‐r1 than SCD (Yang *et al*., [2009](#pbi12709-bib-0056){ref-type="ref"}; Zhang *et al*., [2012](#pbi12709-bib-0060){ref-type="ref"}). We used SCD and SCD‐r1 for all experiments with one exception. We obtained gene sequences from 96S as described in the section below. We maintained larvae at 26 ± 1 °C, 60 ± 10% relative humidity and 14 h light: 10 h dark for rearing and bioassays.

Amplification, cloning and sequencing of *HaJHAMT* and *HaJHBP* {#pbi12709-sec-0013}
---------------------------------------------------------------

We extracted total RNA from *H. armigera* using TRIzol (Invitrogen, Carlsbad, CA). First‐strand cDNA was synthesized using the Transcriptor High‐Fidelity cDNA Synthesis Kit (Roche Deutschland Holding GmbH, Mannheim, Germany). From third instars of the susceptible 96S strain of *H. armigera,* we used primer pair P1 to amplify full‐length *HaJHAMT* and primer pairs P2 to P5 to amplify *HaJHBP* (Table [S1](#pbi12709-sup-0001){ref-type="supplementary-material"}). We designed degenerate primer pair P2 using sequences from four other moth species (*Bombyx mori*,*Galleria mellonella*,*Manduca sexta* and *Heliothis virescens*, Figure [S3](#pbi12709-sup-0001){ref-type="supplementary-material"}). All PCR products were gel‐purified, cloned into the pGEM‐T vector (Promega, Madison, WI, US) and sequenced by Invitrogen (Shanghai, China).

Transcription of *HaJHAMT* and *HaJHBP* in *H. armigera* larvae {#pbi12709-sec-0014}
---------------------------------------------------------------

We used quantitative real‐time PCR (qRT‐PCR) to measure transcription of *HaJHAMT* and *HaJHBP* in whole *H. armigera* larvae of different ages (0--11 days after hatching) and in different tissues of fourth instars (head, fat body, midgut and epidermis). First‐strand cDNA was synthesized using Transcriptor High‐Fidelity cDNA Synthesis Kit (Roche), and qRT‐PCR was performed using LightCycler 480 system (Roche) with LightCycler 480 SYBR Green Master, from Roche, following a two‐step protocol: 95 °C for 10 min, 45 cycles of denaturation at 95 °C for 10 s, annealing at 55 °C for 20 s and extension at 72 °C for 20 s. We calculated transcription relative to *actin* with the 2^−ΔCT^ method. Table [S1](#pbi12709-sup-0001){ref-type="supplementary-material"} lists the primers used for qRT‐PCR.

Transformation of cotton {#pbi12709-sec-0015}
------------------------

We constructed vectors that express dsRNA from target gene fragments JHA, JHB or GFP (as a negative control) (Figure [1](#pbi12709-fig-0001){ref-type="fig"}b) by modifying the plasmid pCAMBIA2300 (CAMBIA, Canberra, Australia) as follows: We inserted the PRP promoter (Xie *et al*., [2001](#pbi12709-bib-0054){ref-type="ref"}) and the NOS terminator (Depicker *et al*., [1982](#pbi12709-bib-0012){ref-type="ref"}) into the EcoRI/PstI and PstI/HindIII sites, respectively. The target gene fragments were PCR‐amplified using full‐length larval cDNAs as template. The primers for target gene fragments (Table [S1](#pbi12709-sup-0001){ref-type="supplementary-material"}) were designed using GenBank data for *HaJHAMT* (AB127945) and using the sequence obtained here for *HaJHBP* (Figure [S3](#pbi12709-sup-0001){ref-type="supplementary-material"}). A 489 bp fragment of the gene encoding GFP was obtained from the plasmid pMD‐GFP (Haseloff *et al*., [1997](#pbi12709-bib-0022){ref-type="ref"}). Each target gene fragment was inserted into pUCCRNAi, which has two multiclone site regions flanking a 166‐nucleotide intron of the potato GA20‐oxidase gene to facilitate the subcloning of target gene fragments in an inverted repeat manner (Yan *et al*., [2007](#pbi12709-bib-0055){ref-type="ref"}). Hairpin RNA expression cassettes were also inserted into the PstI site of the modified plasmid to generate each of the three dsRNA‐expressing vectors.

We used each of the three modified plasmids and *Agrobacterium tumefaciens* strain LBA 4404 with plasmid pAL4404 carrying the *vir* and *strep* genes to transform cotton. We generated transgenic plants using *Agrobacterium*‐mediated transformation of the hypocotyledonary axis of axenic cultures of W0 cotton and screened them on solid plates containing 50 mg kanamycin per litre (Figure [S8](#pbi12709-sup-0001){ref-type="supplementary-material"}) as described previously (Wu *et al*., [2008a](#pbi12709-bib-0052){ref-type="ref"}, [b](#pbi12709-bib-0053){ref-type="ref"}).

PCR and Southern analysis of transgenic lines {#pbi12709-sec-0016}
---------------------------------------------

For kanamycin‐resistant, putative transgenic cotton lines, we confirmed integration of transgenes using PCR and Southern analysis (Figures [S9‐S11](#pbi12709-sup-0001){ref-type="supplementary-material"}). PCR detected the target transgene fragments in the putative transgenic lines, and four of the PCR positive amplicons for each transgene were confirmed by sequencing (Figure [S9](#pbi12709-sup-0001){ref-type="supplementary-material"}). For Southern analysis (Figure [S10](#pbi12709-sup-0001){ref-type="supplementary-material"}), genomic DNA (15 μg) from PCR positive lines was digested overnight with HindIII enzyme, separated on gels with 0.8% agarose, then transferred onto a Hybond‐N+ membrane (GE Healthcare, Bucks, UK). DNA blot analysis of transgenic cottons was carried out using a probe specific for a portion of the binary vector sequence (Figure [S11](#pbi12709-sup-0001){ref-type="supplementary-material"}).

Transcription of *HaJHAMT* and *HaJHBP* {#pbi12709-sec-0017}
---------------------------------------

To measure transcription of *HaJHAMT* and *HaJHBP*, we performed real‐time quantitative PCR (qRT‐PCR) using the LightCycler 480 (Roche) and the HiScript Q RT SuperMix (Vazyme, Nanjing, China), following a two‐step protocol: 95 °C for 10 min, 45 cycles of denaturation at 95 °C for 10 s, annealing at 55 °C for 20 s and extension at 72 °C for 20 s. We used actin as the internal control and calculated transcription relative to *actin* with the 2^−ΔΔCT^ method (Livak and Schmittgen, [2001](#pbi12709-bib-0032){ref-type="ref"}). The primers used for qRT‐PCR are listed in Table [S1](#pbi12709-sup-0001){ref-type="supplementary-material"}.

Juvenile hormone concentration {#pbi12709-sec-0018}
------------------------------

We determined the JH concentration in larvae using liquid chromatography--mass spectrometry LC/MS‐8050 (Shimadzu, Kyoto, Japan) as described by Furuta *et al*. ([2013](#pbi12709-bib-0016){ref-type="ref"}), except that we measured JH II rather than JH III. After JHs were extracted with *n*‐hexane, the samples were dried under a stream of nitrogen and redissolved in a 60% (w/v) mixture of acetonitrile and water.

Cotton leaf bioassays {#pbi12709-sec-0019}
---------------------

We tested susceptible (SCD) and Cry1Ac‐resistant (SCD‐r1) larvae of *H. armigera* in bioassays with fully expanded young cotton leaves detached from field‐grown plants in 2015 and from greenhouse‐grown plants in 2016. In 2015, cotton was planted in mid‐April at the Jiangpu Experiment Station of Nanjing Agricultural University in Nanjing, China, and managed with standard agronomic practices including fertilization, irrigation and weed control, but without insecticides. Leaves were removed from cotton plants in late July 2015. In 2016, cotton was planted in the greenhouse at Nanjing Agricultural University (Weigang campus) and grown with 16 h light: 8 h dark, 23 000 lux, 30 ± 5 °C, 60 ± 20% relative humidity, fertilizer once per week and watering twice per week. Leaves were first collected 45 days after planting, when plants had six true leaves.

For bioassays in both years, each cotton leaf was placed in a plastic Petri dish (10 cm diameter by 1.5 cm high) containing a piece of wet filter paper (10 cm diameter) and inoculated with five neonates. The dishes were held in the laboratory at 26 ± 1 °C, 60 ± 10% relative humidity and 14 h light: 10 h dark. After 6 days, we replaced the leaf with a fresh leaf. After 10 days, we transferred larvae to untreated artificial diet and recorded pupation daily from 14 to 30 days after hatching. We calculated survival (%) as the percentage of larvae that became normal pupae (not malformed) by 30 days and mortality (%) as 100% minus survival (%). Malformed pupae were not considered survivors because they do not become viable adults. We calculated the efficacy (%) of transgenic cotton as 100% multiplied by \[1 -- (survival on transgenic cotton divided by survival on non‐transgenic cotton)\], with the untransformed parent cotton (W0) as the non‐transgenic cotton. We calculated development time as the number of days from hatching to pupation for survivors.

In each year, each treatment was replicated three times with 50 larvae per replicate. In both years, we tested seven types of cotton: two controls (W0 and GFP), Bt cotton, two types of RNAi cotton (JHA and JHB) and two pyramids (Bt + JHA and Bt + JHB). Both insect strains were tested on all seven types of cotton in both years, with one exception. The susceptible strain was tested on pyramids in 2016, but not in 2015.

Computer simulations {#pbi12709-sec-0020}
--------------------

To evaluate evolution of resistance by *H. armigera* in northern China to Bt cotton, a sequence of Bt cotton followed by RNAi cotton and a pyramid of Bt + RNAi cotton, we used a previously described, deterministic, two‐locus population genetic model (Brévault *et al*., [2013](#pbi12709-bib-0007){ref-type="ref"}) with some modifications. We chose this relatively simple model for several reasons: to elucidate how different types of transgenic cotton affect rates of evolution of resistance, to enable incorporation of realistic biological parameters for *H. armigera* in northern China, to examine expected outcomes of different assumptions about dominance and refuges using the same basic model and to make the modelling results readily verifiable by readers. Furthermore, when we used the parameter values of Alstad ([2005](#pbi12709-bib-0001){ref-type="ref"}) and Hamilton ([2009](#pbi12709-bib-0021){ref-type="ref"}) in our model, our model\'s projections agreed with the projections from their models (Brévault *et al*., [2013](#pbi12709-bib-0007){ref-type="ref"}).

Our model simulated two unlinked autosomal loci (Brévault *et al*., [2013](#pbi12709-bib-0007){ref-type="ref"}), similar to the models of Gould ([1986](#pbi12709-bib-0018){ref-type="ref"}), Alstad ([2005](#pbi12709-bib-0001){ref-type="ref"}), Gould *et al*. ([2006](#pbi12709-bib-0019){ref-type="ref"}) and Hamilton ([2009](#pbi12709-bib-0021){ref-type="ref"}). Locus one controlled responses to Bt cotton and locus 2 controlled responses to RNAi cotton. Each locus had two alleles: *r* ~1~ and *r* ~2~ conferring resistance and *s* ~1~ and *s* ~2~ susceptibility to Bt cotton and RNAi cotton, respectively. The results reported here show that resistance to Bt cotton does not confer cross‐resistance to RNAi cotton (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}), thereby supporting the assumption that the loci conferring resistance to Bt cotton and RNAi cotton are different and not linked.

For each year, we simulated three generations, corresponding to the three generations that *H. armigera* feeds on cotton in northern China (Wu and Guo, [2004](#pbi12709-bib-0051){ref-type="ref"}). As detailed in Data [S1](#pbi12709-sup-0001){ref-type="supplementary-material"} and [S2](#pbi12709-sup-0001){ref-type="supplementary-material"}, we based modelling assumptions primarily on empirical data for *H. armigera* in northern China, as in our previous modelling for this pest (Jin *et al*., [2015](#pbi12709-bib-0026){ref-type="ref"}). Tables [S3--S5](#pbi12709-sup-0001){ref-type="supplementary-material"} summarize the parameter values we examined. We conducted sensitivity analyses to evaluate the impact of variation in assumptions about refuge percentage, fitness cost and dominance (see Data [S1](#pbi12709-sup-0001){ref-type="supplementary-material"} and [S2](#pbi12709-sup-0001){ref-type="supplementary-material"}).

### Time to resistance {#pbi12709-sec-0021}

After each generation, we calculated the population\'s fitness on transgenic cotton as the sum of the fitness values of the nine genotypes on transgenic cotton weighted by the proportion of each genotype in the population (Brévault *et al*., [2013](#pbi12709-bib-0007){ref-type="ref"}). The time to resistance was the number of years until the population\'s fitness on the transgenic cotton was ≥0.50. We calculated the time to resistance for a sequence of Bt cotton followed by RNAi cotton as the time for resistance to Bt cotton plus the time for resistance to RNAi cotton.

Statistical analyses {#pbi12709-sec-0022}
--------------------

We used one‐way analysis of variance (ANOVA) with Tukey\'s honestly significant difference (HSD) to test for significant differences (*P* \< 0.05) between treatments in relative transcription (Figure [2](#pbi12709-fig-0002){ref-type="fig"}a,b), JH concentration (Figure [2](#pbi12709-fig-0002){ref-type="fig"}c), as well as mortality and development time within strains of *H. armigera* (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}) (<http://statistica.mooo.com/OneWay_Anova_with_TukeyHSD>). We used *t*‐tests to assess the *a priori* null hypothesis that no difference occurred between the resistant (SCD‐r1) and susceptible (SCD) strains of *H. armigera* in mortality or development time on each of the seven types of cotton leaves tested in bioassays (Figures [3](#pbi12709-fig-0003){ref-type="fig"} and [4](#pbi12709-fig-0004){ref-type="fig"}). To test for independent action of the Bt toxin and RNAi on survival of SCD in cotton leaf bioassays, we used a one‐sample *t*‐test to determine whether the observed values for the IMS differed significantly from 1, and *t*‐test was performed using VassarStats software (<http://vassarstats.net/>). We used two‐way ANOVA to test for effects of year (2015 vs. 2016), type of pyramid (JHA + Bt vs. JHB + Bt) and their interaction on mortality and development time for SCD‐r1 also using VassarStats.
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